The nucleus is the site of highly active two-way macromolecular traffic between the nucleoplasm and the cytoplasm. Nuclear import and export must be highly specific processes because the content of the nucleus is distinguished compared to the cytoplasm. This is rather amazing, considering that the nuclear envelope dissolves during mitosis of animal and plant cells, necessitating reassembly of all nuclear components and reentry of nuclear proteins into the nucleus. In addition, many basic cellular processes, such as gene transcription and cell division, clearly require proper nuclear localization of regulatory and housekeeping proteins. Furthermore, experimental evidence indicates the existence of receptors and other cellular factors that mediate nuclear transport. Nuclear transport, although extensively studied in animal and lower eukaryotic systems (3, 20), has only recently been addressed in higher plants (1, 2, 5, 7, 8, 15, (24) (25) (26) .
The nucleus is the site of highly active two-way macromolecular traffic between the nucleoplasm and the cytoplasm. Nuclear import and export must be highly specific processes because the content of the nucleus is distinguished compared to the cytoplasm. This is rather amazing, considering that the nuclear envelope dissolves during mitosis of animal and plant cells, necessitating reassembly of all nuclear components and reentry of nuclear proteins into the nucleus. In addition, many basic cellular processes, such as gene transcription and cell division, clearly require proper nuclear localization of regulatory and housekeeping proteins. Furthermore, experimental evidence indicates the existence of receptors and other cellular factors that mediate nuclear transport. Nuclear transport, although extensively studied in animal and lower eukaryotic systems (3, 20) , has only recently been addressed in higher plants (1, 2, 5, 7, 8, 15, (24) (25) (26) .
This attention to protein and nucleic acid transport into the nucleus in plants was stimulated not only by a need to understand basic cell biology, but also by the desire to modulate or regulate the expression of genes via genetic engineering.
The nucleus ( Fig. 1 ) is surrounded by the nuclear envelope, which includes the inner and outer nuclear membranes and, between them, the perinuclear space. The outer nuclear membrane is contiguous with the rough ER, and its outer surface is generally studded with ribosomes. Underlying the inner nuclear membrane is the nuclear lamina, which is composed of a network of filamentous proteins. Unlike other organelles, the nuclear envelope contains NPC2, the major sites of bidirectional protein and nucleic acid traffic. Though addition, eight peripheral channels of a smaller diameter would allow a passive exchange of small molecules. Therefore, transport into the nucleus is fundamentally different from that into other organelles, where transported proteins pass directly through the membrane. Although most nuclear proteins carry information that simply directs them through the nuclear pore, others must continue their journey to a final subnuclear compartment (12) . With regard to what is specifically responsible for proper localization of a protein inside the nucleus, very little is known.
Results obtained from yeast and animal systems have led investigators to suggest some basic rules for nuclear protein targeting (3) . Proteins smaller than 40 to 60 kD are thought to diffuse through the nuclear pore, though no physiologically relevant macromolecule has been shown to traverse the nuclear pore by diffusion. However, it has been shown that many proteins require at least one NLS. Two criteria are used to define these NLSs: (a) an NLS is sufficient to redirect a cytoplasmic protein to the nucleus, and (b) an NLS is necessary for directing a nuclear protein to the nucleus. However, in many cases the NLSs are not adequately characterized by both criteria.
Known NLSs can be grouped into several categories (3). First, SV40-like NLSs contain a short stretch of basic amino acids (PKKKRKV). Second, MAT a2-like NLSs consist of short hydrophobic regions that contain one or more basic amino acids (KIPIK). Third, bipartite NLSs are usually a combination of two regions of basic amino acids separated by a spacer of more than four residues (SPPKAVKRPA-ATKKAGQAKKKKLDKEDES) (17) . The first region has two basic amino acids and the second has at least three out of five basic residues. According to current speculation, the two basic regions cooperate in binding, whereas the spacer may facilitate their cooperative interaction. In bExperimentally tested peptides are shown. SUFF., Signal is sufficient for redirection of a reporter protein to the nucleus; NEC., signal is necessary for nuclear protein import; NA, not analyzed. sequence (PKKKRKV) was fused to a reporter protein, a 69-kD GUS, and the construct was transformed into tobacco. By histochemical analysis of GUS, it was shown that a sevenamino acid SV40 sequence can function as an NLS in transgenic tobacco plants (24) , but a mutant SV40 NLS (PKTKRKV), in which an essential K was mutated to T, cannot. Nuclear localization was also observed when the 100-kD T7 RNA polymerase protein was fused to the SV40 NLS and electroporated into tobacco protoplasts (8) . These results clearly indicate that some mechanisms of nuclear transport are common between animal and plant cells.
Indeed, some nuclear targeting sequences in plant DNAbinding proteins have been identified by their similarity to the SV40 NLS (24) . Three DNA-binding proteins, TGA-1A, TGA-1B, and TFIID were tested to see whether or not they could facilitate nuclear import of a GUS reporter protein.
Regions selected by clusters of basic amino acids from these proteins were fused to an amino-terminal portion of GUS, and the cellular location of GUS was analyzed using histochemical staining in transgenic tobacco plants. Twenty-four amino acids of TGA-1B and 70 amino acids of TGA-1A, both located in the basic DNA-binding domain of these proteins, were able to function as nuclear targeting signals (Fig. 2) . However, the 25-amino acid basic region of the DNA-binding protein TFIID fused to GUS shows staining only of the cytoplasm in transgenic tobacco plants. It was suggested that the TFIID protein, which has a molecular mass of 23 kD, either passively moves into the nucleus or is directed there by an NLS located in an unanalyzed part of the protein.
Both means of transport are possible: some small proteins have been shown to be passively transported to the nucleus via cotransport with another protein (20) , but other small proteins, such as the 13.8-kD heat shock protein in yeast (13) and the 28-kD high-mobility group 1 protein from calf thymus (23) , have been shown to have an NLS capable of redirecting a reporter protein. Also, there have been several cases in which sequences very similar to the SV40 NLS fail to function in nuclear targeting (20) . Thus, the experiments with SV40-type NLSs clearly demonstrate that this is a signal that is recognized by the plant nuclear import machinery. However, not all sequences reminiscent of the SV40-type are utilized as NLSs.
NUCLEAR LOCALIZATION OF TWO REGULATORY PROTEINS FROM MONOCOTS
Tight control must be kept over nuclear protein localization because regulatory proteins are required in the nucleus only at very specific developmental times and only in specific tissues. It is quite possible that regulatory proteins are kept in the cytoplasm until their function in the nucleus is needed. The availability of two monocot regulatory proteins, 02 and R, sparked our analysis of their nuclear import mechanism.
NLSs of the 02 Protein
The maize trans-acting factor, 02, regulates the expression of 22-kD zein genes (18) and has been shown to localize to the nucleus in maize endosperm tissue and in transformed tobacco plants, indicating that the protein nuclear import machinery is similar in monocots and dicots (25) . Although the 47-kD 02 protein may be small enough to diffuse through the nuclear pores, it was demonstrated that fusion protein consisting of 02 fused to GUS is sufficient to direct GUS protein to the nucleus in transgenic tobacco cells and in transiently transformed onion cells (26) . Two independent regions of 02 were identified as being able to redirect GUS to the nucleus in both systems. A quantitative biochemical analysis of GUS enzymic activity of nuclei isolated from transgenic tobacco plants revealed that one region is more efficient than the other. The precise location of the NLSs was determined using the onion transformation system. The first NLS (NLS A) is located at the amino-terminal portion of the 02 protein and has the structure of an SV40-type NLS (Fig.  2, highlighted) . The second NLS, an efficient NLS (NLS B), is located in the basic, DNA-binding domain and has a bipartite structure (Fig. 2) . Our analysis of 02 protein fusions also indicates that in general, amino-terminal fusions appear to be targeted to the nucleus more efficiently than carboxyterminal fusions. This suggests that at least for the 02 NLSs, fusion to the carboxy-terminal of GUS may not permit proper exposure and recognition by the import machinery. Future studies should examine whether one or both NLSs are necessary for nuclear targeting of the 02 protein.
The finding that an efficient bipartite NLS is located in the basic DNA-binding domain of 02 suggests that the NLSs identified in two other b-ZIP tobacco proteins, TGA-1A and TGA-1B (24), most likely also have a bipartite structure (see Fig. 2 ). It is tempting to speculate that the DNA-binding domains of other b-ZIP proteins may also function as NLSs (26) . This would suggest a dual function for this domain: the coordination of nuclear import, in addition to the accepted role in DNA binding.
NLSs of the R Protein
Genetic and structural evidence indicates that the maize R gene encodes a nuclear transcriptional activating factor. This protein contains a helix-loop-helix motif that is similar to regions of the transcriptional activators myo DI and myc (10) . The R gene encodes a protein of 610 amino acids (69 kD), indicating that the R protein is imported into the nucleus by active transport. To examine the nuclear localization of R, the reporter gene GUS has been fused to the R gene at aminoand carboxy-termini (R-GUS and GUS-R, respectively). The fusions were then transiently expressed in onion epidermal cells (19) . A histochemical analysis of onion epidermal cells revealed that proteins from either orientation of the GUS-R and R-GUS fusions are localized in the nucleus.
Further analysis of chimeric constructs containing regions of the R gene fused to the GUS cDNA revealed three specific NLSs that are capable of redirecting the GUS protein to the nucleus (Fig. 2) . Amino-terminal NLS A (10 amino acids) is rather unusual, as it has several arginines, and a similar NLS is found in only a few viral proteins (3). The medial NLS M (10 amino acids) is an SV40 type, and the carboxy-terminal NLS C is a MAT a2 type. NLS M and C are independently sufficient to direct the GUS protein to the nucleus when fused at the amino terminus of GUS. However, NLS A fused to GUS, partitioned between the nucleus and cytoplasm. Similar partitioning is observed when all the NLSs are independently fused to the carboxy-terminal portion of GUS, indicating that the position of the NLS in the transported protein is important.
Experiments were also performed with fusions of the entire R and GUS to address the question of whether one, two, or all three NLSs are necessary for nuclear targeting of the R protein. A deletion analysis of the three NLSs indicates that the R-GUS and GUS-R protein fusions are redirected to the nucleus only when NLS A and M, or C and M, are both present. In all other combinations-either a single NLS (A, M, or C) or double NLSs (A and C)-GUS fusions were located in both the nucleus and cytoplasm. These results indicate that multiple NLSs are necessary for nuclear targeting of this protein. The fact that the R protein has two nonhomologous signals that are necessary for its targeting to the nucleus suggests that each sequence may be involved in different steps of nuclear transport or may interact with different import components of similar function.
NUCLEAR TRANSPORT OF PLANT VIRAL PROTEINS
Many plant viruses encode proteins that accumulate in different compartments upon infection. Among the several proteins involved in RNA replication of potyviruses are two nuclear localized proteins, NIa and NIb (15) . Although the function(s) of these two proteins in the nucleus is not known, the mechanism of their transport to the nucleus was recently addressed. Both NIa and NIb were fused to GUS at the amino-and carboxy-terminal ends and transfected into tobacco protoplasts. A subsequent analysis of GUS enzymic activity demonstrated that carboxy-terminal fusion proteins are enzymically more active than amino-terminal fusions, though either one can direct GUS to the nucleus. Systematic deletions followed by fusions to the carboxy terminus of GUS were performed on NIa in an attempt to identify sequences that confer nuclear localization of this protein. It was found that two short regions located within the amino-terminal part of NIa function as an NLS (Fig. 2, ref. 1 ). These regions consist of 11 and 30 amino acids, separated by 32 residues.
NUCLEAR IMPORT OF NUCLEIC ACIDS
The mechanism by which nucleic acids are transported to the nucleus is largely a mystery. Agrobacterium is a plant pathogen that transfers DNA to most dicotyledonous plants. The T-complex of Agrobacterium consists of three components: a single-stranded DNA molecule, the T-strand, and two different proteins, one virD molecule and over 600 copies of virE2 (2) . The nopaline-type T-complex has a predicted length of 3600 nm (2), which is approximately 60 times longer than the diameter of the nuclear pore. It has been shown that most of the sequence of the T-DNA is not important; any DNA sequence located between the 25-bp T-DNA border repeats can be transported to the plant nucleus and fulfill its function (27) . Therefore, it is proposed that the T-strand was most likely transported to the nucleus by its associated proteins. It was recently demonstrated that the VirD2 fused to GUS is localized to the nucleus when expressed in tobacco plants and suspension cells (5, 7, 22) . A bipartite NLS (Fig. 2) at the carboxy terminus of VirD2 was identified as a result of detailed deletion analyses followed by fusion of these proteins to GUS (7). These results suggest that the VirD2 protein, which attaches to the 5' end of the T-strand, may act to direct the T-complex to the nucleus of the host cell. However, recent work from the same laboratory indicates that another protein, VirE2, might also be involved in nuclear transport of the T-complex.
An analysis of a transiently expressed virE2 fused to GUS showed that the VirE2 protein localized to the nucleus in tobacco cells as well (2) . Nuclear localization of VirE2 is mediated by two bipartite NLSs (NSE1 and NSE2) (Fig. 2) , and an efficient nuclear localization of GUS can be achieved only when both NLSs are present. It is suggested that VirE2 serves as molecular chaperone by coating, unfolding, and targeting the T-strand to the nucleus. These authors suggested that this phenomenon holds true for all ssDNA or RNA molecules that may be transported to the nucleus as unfolded nucleic acid-protein complexes (2, 11) . Although this is most likely true for import of T-strand and for some RNAs, there is strong evidence suggesting that some RNAs possess their own NLS (4) . It was demonstrated that the m3GpppN cap of U1-U5 snRNAs is a distinct NLS. However, the involvement of one or more proteins is also indicated. Figure 3 . Nuclear import is a two-step process.
CONCLUSIONS AND FUTURE PROSPECTS
nuclear proteins. Multiple nonhomologous signals play a role in the nuclear targeting of some nuclear proteins. The most prevalent is a bipartite NLS, based upon the small amount of available data on plant nuclear proteins. It is obvious that the position of the NLS(s) and its availability to the import machinery are very important as well. Although information is available about the different types of NLSs, little is known about the molecular characteristics of the translocation machinery. Generally, it is known that in animal and yeast systems, import through the NPC is a two-step process (Fig. 3) . The first is an NLS-binding step that is sensitive to NEM (14) . The second step is sensitive to temperature and wheat germ agglutinin and is ATP dependent (ATP-yS and apyrase sensitive) (3, 20) . Experimental evidence also indicates the existence of NBPs that are involved in nuclear localization of proteins containing an NLS (20) . All of the NBPs that have been described to date are of human, rat, or yeast origin, and the degree of sequence conservation is uncertain, because only yeast and rat NBP sequences have been reported (9, 12) .
Although little has been learned of the identification of NBPs originating in plants, some tantalizing hints recently surfaced. Stochaj and Silver (21) have reported the presence of a protein in maize that is antigenically related to a 70-kD NBP from yeast nuclei. Recent, exciting work from James Carrington's laboratory also provides some clues about cellular factors that influence nuclear import in plants (16) .
CYTOPLASM
Earlier, these authors showed that the potyviral protein NIa undergoes autoproteolytic cleavage at the amino terminus and releases a 6-kD protein. The initial experiments to analyze the effect of proteolysis on nuclear transport of NIa indicate that transport to the nucleus was abolished when the cleavage site was inhibited, resulting in unprocessed NIa in the cytoplasm. These results suggest that the release of the 6-kD protein is required for nuclear localization of NIa, and imply an interaction of the NIa NLS, a 6-kD protein, and cytoplasmic protein factors.
As discussed above, there are different types of NLSs that have been identified in plants. Do these different NLSs recognize a wide range of NBPs or is there a secondary structural motif that is recognized by only a few NBPs? Some of these NBPs could play a role as cytoplasmic anchor, cytoplasmic receptor, or pore receptor, providing a way to regulate nuclear import (Fig. 4) . Are there mechanisms that control the activity of NBPs during plant development? Plants, which must be more adaptive than animals to endure environmental changes, would benefit substantially from such a level of regulation. The binding of NLSs to NBPs may occur in the cytoplasm or at the NPC. The cytoplasmic NBPs may function as adaptor molecules between the transported proteins and the actual import machinery of the NPC (Fig.  4) . Some of these NBPs may be developmentally regulated, and the NLS-binding activity of NBPs may be altered by phosphorylation (21) . CR ?
